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ARTICLE INFO  The search for fossil fuel substitutes has led to the adoption of carbon-free alternatives, such as hydrogen and 

ammonia. It is also possible to use mixtures of both these fuels. Due to their different physical and chemical 
properties, the combustion processes of hydrogen and ammonia differ. The paper describes research on hydro-

gen and hydrogen-ammonia mixture combustion in the AVL 5804 engine. The engine is equipped with a two-

stage combustion system with a passive and active prechamber. During the study, an indicator analysis of the 
combustion process in the prechamber and main chamber was performed. The study also included an evaluation 

of changes in hydrogen and nitrogen oxides concentrations, as well as changes in the number of particulate 

matter particles in the exhaust gases. By comparing the combustion of hydrogen and hydrogen-ammonia 
mixtures, it was observed that the thermodynamic parameters of the combustion process changed, along with 

emissions of unburned hydrogen and nitrogen oxides. However, there were insignificant differences in the 

number of particulate matter. 
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1. Introduction  
The development of internal combustion engines is fo-

cused on reducing carbon dioxide emissions to reduce the 

greenhouse effect. Currently, the possibility of implement-

ing carbon-free fuels to partially replace conventional fuels 

is being explored. The main solution in this case is hydro-

gen, but its low volumetric energy density has led to re-

search on ammonia.  

To fully leverage the potential of these fuels, efforts are 

underway to improve combustion efficiency. Since these 

are gas fuels, it is advantageous to burn lean mixtures with 

a relatively high compression ratio [17]. Hydrogen-powered 

engines commonly operate at compression ratios of ε = 11–

15 [22, 23], whereas ammonia-powered engines require 

higher compression ratios of ε = 20 and above [15, 16]. The 

combustion of lean air-fuel mixtures with hydrogen occurs 

at significantly higher excess air ratios than with conven-

tional gaseous fuels. To avoid knock combustion, hydrogen 

engines operate at an excess air ratio above 2 [8–10, 24]. In 

addition to increasing the mixture's dilutions, adding am-

monia can reduce knock combustion by limiting charge 

reactivity [8]. 

2. Characteristics of hydrogen and ammonia  

combustion conditions  
The combustion of hydrogen enables replacing conven-

tional fossil fuels, provided certain requirements are met. 

Hydrogen as a fuel requires, among other things, a modern-

ized dose supply system (usually to the intake manifold) or 

direct injection [31]. The use of such solutions enables pre-

cise control of the mixture composition in a wide range of 

excess air ratios. Using the TJI system, which involves indi-

rect hydrogen injection into the intake manifold and addi-

tional direct injection into the prechamber, it is possible to 

significantly extend the limits of stable combustion towards 

lean mixtures. The use of APC (active prechamber) or PPC 

(passive prechamber) results in stable hydrogen combustion 

at  = 3 [27]. Hydrogen and ammonia combustion can be 

carried out in single-fuel [3, 17, 19], dual-fuel systems [26] 

or using mixtures of these fuels [26, 28] (Table 1). 

The laminar combustion velocity increases with the 

mixture temperature, due to faster chemical reaction kinet-

ics and higher diffusion rates of active radicals. Research 

conducted by Guibert et al. [7] indicates significant differ-

ences in the combustion velocity of hydrogen and ammo-

nia: at a temperature of 500 K, this velocity is approximate-

ly 2 m/s (for hydrogen) and 0.07 m/s for pure ammonia.  

A mixture of H2:NH3 in the 20:80 ratio has a laminar com-

bustion velocity of 0.1 m/s.  

The impact of EGR on the combustion process in a hy-

drogen-powered engine was analyzed by Pandey et al. [20]. 

During research, a single-cylinder engine with a displace-

ment of 0.661 dm
3
 and a compression ratio of 15 was used. 

The use of a 15% EGR additive results in:  

 a slight decrease in thermal efficiency (from 30.5% to 

29%) 

–  a delay in the start of combustion by approximately 2 

degrees 

–  an extension of the combustion time by approximately 2 

degrees 

–  a reduction in nitrogen oxide emissions from 10 to 8 

g/kWh. Increasing the EGR ratio to 25% limits these 

emissions to 2 g/kWh. 

The reaction of the H2 + NH3 combustion proceeds ac-

cording to the equation: 

 3H2 + 2NH3 + 3O2  N2 + 6H2O (1) 

Research [15] indicates that under stoichiometric condi-

tions, an optimal ammonia-to-fuel mass ratio of 0.6 balanc-

es emissions and fuel consumption. Empirical studies also 

indicate that increasing hydrogen's energy share relative to 

ammonia may initially improve thermal efficiency.  

http://orcid.org/0009-0006-9911-5394
http://orcid.org/0000-0001-5724-0927
http://orcid.org/0000-0001-7340-635X
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Table 1. Physical and chemical properties of fuels [4, 10, 19] 

Fuel H2 NH3 

H2 + NH3 

(95% + 5%) 
m/m 

Weight of H2 [%] 100 17.7 – 

Auto-ignition temp. [oC] 773 923 – 

Boiling point [oC] –253.0 –33.4 – 

LHV [MJ/kg] 120 18.6 114.93 

LHV [MJ/m3] 2.90 2.83 – 

Flammability limit [%] 4–75 15–28 – 

Laminar flame speed [m/s] 1.6 0.07 – 

Minimum ignition energy [mJ] 0.02 8 – 

Liquid density [g/cm3] 
0.08  

(–253oC) 

0.68  

(–33.4oC) 
– 

 

The combustion of ammonia leads to an increase in the 

concentration of nitrogen oxides due to their formation from 

both fuel and air – Zeldovich mechanism (Fuel NOx and 

Thermal NOx) [9, 16]. In contrast, hydrogen combustion only 

forms NOx via the Thermal-NOx mechanism (Fig. 1). 

 

Fig. 1. The mechanism of NOx formation as a result of hydrogen and 

 ammonia combustion (based on [3, 9, 16]) 

 

Due to the dual nature of NOx formation during ammo-

nia combustion, it can be concluded that a significant por-

tion of NOx is formed as thermal-NOx, approximately 70% 

(at an excess air ratio of  = 1) [16]. Increasing the leanness 

of the mixtures increases the proportion of thermal-NOx; 

for example, the NOx concentration in mixtures with  = 

1.6 is about 7 times higher.  

Research conducted by Pyrc et al. [24] indicates that re-

ducing the volume fraction of hydrogen to 7% in a mixture 

with ammonia enables the highest indicated efficiency of 

27.6% (at  = 10) to be achieved in an engine at n = 600 

rpm and  = 1.06. The high hydrogen fraction in the mix-

ture (70%) resulted in a slightly lower indicated efficiency 

of 24.8%. However, nitrogen oxide emissions were reduced 

by a factor of 4 (from 26.7 to 7.7 g/kWh) during combus-

tion of a fuel with a low hydrogen fraction.  

In studies conducted by Mounaïm-Rousselle et al. [18], 

it was found that adding only 10% hydrogen to ammonia 

reduces nitrogen oxides emissions by 40% (in a standard 

combustion system). A smaller addition of H2 – 2.2% at  = 1 

(standard combustion system) causes an increase in NOx 

concentration from 10 to 80% (as a result of advancing or 

delaying the ignition angle) [11]. This may be because the 

ignition temperature and pressure are high near TDC, which 

consumes OH radicals too quickly and inhibits NOx for-

mation, whereas when the ignition timing is far from TDC, 

NOx emissions increase.  

Most of the studies mentioned above concern mixtures 

containing a significant proportion of ammonia and hydro-

gen. Research on mixtures of hydrogen with a small pro-

portion of ammonia has been conducted by, among others, 

Xin et al. [33]. The tests were conducted with 5%, 8% and 

10% of ammonia added, at an excess air ratio of  = 1. As 

the ammonia proportion increased, the rate of pressure rise 

after ignition decreased by 15%. The extension of the initial 

combustion period of the mixture (CA0–10) was also 

around 15%. However, an increase in the IMEP value of 

around 5% was observed, regardless of the ignition angle 

and a few percent reduction in the ITE. The change in am-

monia volume fraction had a minor effect on the final ni-

trogen oxide concentration values, but an increase was 

observed when the ignition timing was delayed. 

Further research by Xin et al. [34] investigated the ef-

fects of ammonia concentrations of 0% and 2.2% under 

lean-burn conditions (λ = 1.2). A slightly leaner mixture 

reduced the rate of pressure rise by around 10%, regardless 

of ignition timing. Similar values were obtained for the 

increase in the first combustion phase (CA0–10), although 

these were strongly dependent on the ignition angle. The 

addition of ammonia significantly increased NOx concen-

trations, but this increase depended slightly on the ignition 

angle.  

An overview of the overall TJI process is summarised in 

Fig. 2, including the key parameters and physical process. 

In general, the jet ignition process is divided into three 

phases: prechamber combustion, cold-jet and jet ignition, 

and lean combustion [35].  

 

Fig. 2. Overview of TJI process. The injection only symbolises the act of 

fuel injection, and it does not indicate the actual position and directions of 
 injection [36] 

3. Purpose and scope of research  
Modern combustion systems with a prechamber are be-

ing intensively researched for the use of hydrogen and am-

monia fuels. This paper describes the use of a Turbulent Jet 

Ignition (TJI) system with a passive (PPC) and active pre-

chamber (APC), enabling stable combustion of globally 

lean mixtures. 

The aim of the work was to analyze the combustion 

process of hydrogen and hydrogen-ammonia fuels in the 

TJI engine with PPC and APC configurations. The test 

included analysis of pressure profiles in the cylinder and 

emissions of unburned H2, NOₓ, and particulate matter. The 

research was conducted under the following conditions: 

 PC (pre-chamber): supplied with hydrogen 

 MC (main-chamber): supplied with hydrogen or a mix-

ture of hydrogen (95% m/m) and ammonia (5% m/m) 

 

 

 

Hydrogen Ammonia 

Thermal NOx Fuel NOx Thermal NOx 

 
Oxidizer: O2 + N2(air) 

Fuel: NfuelH3  
Oxidizer: O2 + N2(air) 

Fuel: NfuelH3 

Oxidizer: O2 + N2(air) 

Fuel: H2 

N2(air) + O2 = NairOx NfuelH3 + O2 = NfuelOx N2(air) + O2 = NairOx 
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 > 2.0 for hydrogen and  > 1.5 for a mixture of H2 + 

NH3 

 variable fuel supply to the prechamber (t_PC = 0, 4, 8 ms). 

The use of a 95%/5% H2/NH3 mixture is based on  

a comprehensive analysis of the authors previous research, 

which focused exclusively on fuelling the TJI engine  

(active and passive prechamber) with hydrogen. Further 

work involves adding ammonia (this article refers only to 

small proportions). The aim for future research is to in-

crease the proportion of ammonia to around 50%. This 

approach will enable an analysis of the impact of ammonia 

on the combustion process, including an examination of the 

exhaust emissions from such systems. 

4. Methodology  
During the study, a single-cylinder research engine, 

AVL5804, was used; its technical data are presented in 

Table 2. The engine was equipped with a two-stage  

combustion system with an H2 or H2 + NH3 injection sys-

tem (95%/5%) into the intake manifold and direct injection 

into the prechamber (H2). 

The tests were conducted at a constant 1400 rpm engine 

speed using an independently electrically driven super-

charger, allowing for adjustment over a wide range. The 

AVL5804 engine (Fig. 3) was powered by two independent 

fuel systems, each equipped with a thermal flow meter. 

Fuel was injected into the intake manifold at 7 bar and into 

the prechamber at 3 bar.  

An AVL IndiSmart device was used to record rapidly 

changing pressure waves in the cylinder, and data from 

mass flow meters (hydrogen, H2/NH3 mixture, and air) were 

recorded. Detailed technical data of the equipment and the 

configuration of the measurement systems are presented in 

Table 3. In addition, the throttle position and spark timing 

parameters were analysed. 

 
Table 2. AVL5804 engine specifications 

Parameter Unit Value 

Engine – 1-cyl., 4-valve, SI, TJI 

Displacement dm3 0.5107 

Bore × stroke mm 85 × 90 

Compression ratio – 15.5 

Combustion system 
 Pre-chamber with 2.29 cm3 volume 

and 6×1.7 mm nozzles  
configuration 

Fueling 
 PFI (EM injectors); passive/active 

pre-chamber 

Air system  External supercharger 

Dyno 
 AMKASYN AVL AMK  

DW13-170 

 

Two thermal flow meters were used to analyze hydro-

gen consumption and the hydrogen-ammonia mixture. Mass 

measurements from both flow meters enable the calculation 

of the excess air ratio (with simultaneous measurement of 

mass flow of air).  

The combustion of hydrogen and a hydrogen-ammonia 

mixture was tested using the same injection system settings. 

The injection time into the main chamber was 6.5 ms, while 

the injection time into the prechamber was varied from 0 to 

8 ms. Using identical control system settings for both fuels 

meant that the air excess ratio λ was a result rather than an 

input. The initial combustion conditions for both fuels are 

summarised in Table 4. 

The recorded pressure profiles in the main chamber and 

prechamber were analysed. The indicated mean effective 

pressure was determined depending on the change in . 

The assessment of the combustion system was also 

based on determining the indicated efficiency of each ana-

lysed point of engine operation, by the equations: 

 ηi =
1

gi∙LHV
 (2) 

where LHV is the lower heat value, gi is a specific fuel con-

sumption, calculated as: 

 gi =
GMC

Ni
 (3) 

where GMC is fuel consumption in the main chamber, and 

Ni is the indicated power: 

 Ni =
Vs∙pi∙n

τ
 (4) 

where Vs is the displacement of the cylinder, n is the engine 

speed, and τ = 2 (4-stroke engine). 

 
Table 3. Control and measurement equipment 

System Name Value 

Indicating system AVL IndiSmart 
8-canal, 0.1 deg CA; 

crank angle AVL 365C 

Oil and water  

conditioning 
AVL 577 

0–150°C 

PC pressure  
Kistler M3.5 6081 

AQ22 
0–25 MPa 

MC pressure AVL GH14D 0–25 MPa 

Throttle Bosch ETB 32 mm ±0.5 deg 

Ignition 
ECU Master EMU 

Black 
0.1 deg 

MC injection timing Mechatronika 0–20 ms; ±0.1 ms 

PC injection timing Mechatronika 0–20 ms; ±0.1 ms 

PC fuel flowmeter 
Bronkhorst  
111AC-70K 

0.4–100 nl/h;  
accuracy ±0.1% FS 

MC fuel flowmeter  Bronkhorst F-112AC 
0.02–1 kg/h;  

accuracy ±0.1% FS 

Air flow meter ABB SensyFlow 
0–720 kg/h;  

error < ±0.8% 

H2, NOx concentration E-com D ±10 ppm; ±5% 

TSI EEPS 3090 Particle Number 

5.6–560 nm 

16 channels per decade 
(5.6–56 nm and 56–

560); 32 total 
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a) b) 

                      
Fig. 3. The test bench: a) diagram with measurement equipment; b) view of the engine 

 
 

Table 4. Injection system settings and initial λ obtained at PPC 

Fuel PC/MC H2/H2 H2/(H2 + NH3) 

Injection time: MC 6.5 ms 7.5 ms 

Injection time: PC 0/4/8 ms 0/4/8 ms 

Base lambda-value  
(passive PC) 

2.15 

2.79 

1.91 

2.51 

 

The injection time measurement into the prechamber 

shown in Table 4 does not account for the fuel dose. For 

this reason, Fig. 4 shows the conversion of the prechamber 

injection time into the mass fraction of the total fuel dose 

delivered to the cylinder. 

 

Fig. 4. Conversion of injection duration into the proportion of fuel injected 

into the prechamber 

 

The plan for research on the combustion of hydrogen 

and a mixture of hydrogen-ammonia is shown in Table 5. 

 
Table 5. Research plan for the combustion of hydrogen and ammonia 

No. Fuel (MC/PC) -value PC [g/h] MC [g/h] 

1 H2/H2 2.14 0 0.182 

2 H2/H2 2.06 5.92 0.182 

3 H2/H2 1.96 12.37 0.182 

4 H2/H2 2.79 0 0.183 

5 H2/H2 2.69 6.27 0.183 

6 H2/H2 2.57 12.32 0.183 

7 H2/NH3 1.91 0 0.214 

8 H2/NH3 1.88 6.2 0.214 

9 H2/NH3 1.83 12.22 0.214 

10 H2/NH3 2.51 3.14 0.215 

11 H2/NH3 2.44 6.26 0.215 

12 H2/NH3 2.43 12.11 0.215 

5. Comparison of hydrogen and hydrogen  

with ammonia combustion  

5.1. Evaluation of indicated pressure changes  

The analysis of the static test conditions (n = 1400 rpm; 

IMEP = 3.77 bar – a value calculated on the base of 100 

subsequent engine cycles; P_max = 42.7 bar) included an 

evaluation of the combustion pressure profiles for the use of 

passive and active prechamber. The IMEP and CoV(IMEP) 

values are shown in Fig. 5. 

 

 Fig. 5. The IMEP value and engine irregularity 

 

An analysis of the uneven engine operation shows 

CoV(IMEP) values below 3%. This is acceptable for  

a single-cylinder engine. Based on the results, it can also be 

concluded that the use of an H2 + NH3 mixture reduces 

engine running irregularities as the fuel dose into the pre-

chamber is increased. 

The combustion of hydrogen and its mixture with am-

monia using a passive prechamber was characterized by the 

lowest maximum combustion pressure (Fig. 6). Due to the 

initiation of combustion in the prechamber, a characteristic 

pressure peak is observed in it. Increasing the fuel dose to 

the prechamber (4 and 8 ms) increased combustion pressure 

in both the prechamber and the main chamber, with a sim-

ultaneous increase in the prechamber pressure peak ampli-

tude. 
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The center of combustion (CA50) is currently an indica-

tor of combustion efficiency. Many researchers define the 

optimal CA50 value as being between 6°CA and 10°CA 

aTDC [5, 22, 28]. During the tests, constant combustion 

center 9°CA aTDC (angle of 50% heat release) was main-

tained. Combustion of the hydrogen-ammonia mixture 

resulted in lower cylinder pressure, due to the lower total 

calorific value of the fuel and a different global excess air 

ratio. Despite a slightly higher fuel mass dose and a lower λ 

value at constant injection time settings, the combustion 

process deteriorated, resulting in lower maximum combus-

tion pressures in both chambers. 

Combustion at an excess air ratio λ ≈ 2 resulted in sig-

nificant pressure changes in the cylinder as the fuel dose to 

the prechamber increased, regardless of the fuel type. At 

higher λ values, pressure changes during hydrogen combus-

tion remained significant, whereas in the H2 + NH3 mixture, 

they were lower in both the prechamber and the main 

chamber. This phenomenon is partly due to the low laminar 

combustion velocity of ammonia. 

5.2. Analysis of combustion parameters  

Engine performance indicators are shown in Fig. 7. 

Analysis of indicated pressure for different air excess ratios 

reveals different engine operating conditions for different 

fuels and fuel doses to the PC. Equal injection timing set-

tings resulted in lower air excess ratios during combustion 

of H2 + NH3 (Fig. 7a), mainly due to changes in the injected 

fuel mass. 

The analysis showed an increase in IMEP values due to 

higher fuel dose supplied to the prechamber. In each case 

analyzed, regardless of fuel type, an increase in IMEP of 

approximately 2% was observed (Fig. 7b). 

 

 

Fig. 6. Engine test results: indicator tests of the combustion process of hydrogen (left) and a hydrogen-ammonia mixture in a ratio of 95%/5% (right) at 

 different excess air ratios 

 

a) b) c) d) 

 

Fig. 7. Performance indicators for engines fuelled with hydrogen and hydrogen-ammonia: a) λ -value; b) IMEP; c) specific fuel consumption; d) indicating 

 efficiency 
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Increasing the fuel dose to the prechamber also in-

creased specific fuel consumption (Fig. 7c). Although the 

ammonia content in the mixture was only 5% by mass, the 

increase in specific fuel consumption reached approximate-

ly 4% compared to the passive chamber configuration. The 

difference in specific fuel consumption between hydrogen 

and an H2 + NH3 mixture exceeded 30%. 

The analysis of the indicated engine efficiency showed 

significantly higher values with hydrogen (approximately 

38%) than with a hydrogen-ammonia mixture (approxi-

mately 29%). This corresponds to a relative efficiency differ-

ence of 22% in favor of hydrogen (Fig. 7d). The results indi-

cate that even a small mass addition of ammonia results in a 

significant deterioration in the performance of an engine with 

a two-stage combustion system. 

6. Analysis of exhaust gas compositions  
The combustion of hydrogen and its mixture with am-

monia leads to significantly different concentrations of 

gaseous components in the exhaust gases (Fig. 8a). The 

combustion of pure hydrogen was characterized by relative-

ly low concentrations of nitrogen oxides, ranging from 

about 30 ppm to over 300 ppm at higher excess air ratios, 

which is typical for the combustion of lean mixtures. The 

use of a 5% mass addition of ammonia resulted in a more 

than tenfold increase in NOₓ concentration in the exhaust 

gases, due to nitrogen in the fuel and the intensification of 

the Fuel NOx mechanism, with the simultaneous participa-

tion of the thermal (Zeldovich) mechanism. 

 

Fig. 8. The effect of variable fuel dose on the concentration of: a) nitrogen 
 oxides; b) unburned hydrogen 

 

Analysis of the unburned hydrogen concentration  

(Fig. 8b) shows an increase at high excess air ratios. Under 

the same conditions, using hydrogen or an H2 + NH3 mix-

ture did not result in significant differences in unburned 

hydrogen emissions. 

7. Analysis of particulate matter emissions  
Analysis of particulate emissions in a hydrogen-fuelled 

engine indicates that their main source is lubricating oil 

entering the combustion chamber. Under low-load condi-

tions, increased vacuum behind the throttle valve increases 

oil evaporation, which is then transported to the cylinder, 

leading to increased particulate emissions. In addition, at 

lower operating temperatures, the piston-ring-cylinder 

components undergo less thermal deformation, which in-

creases oil leakage into the combustion chamber. As the 

load increases, improved sealing of the piston-ring-cylinder 

system reduces oil consumption, thereby lowering emis-

sions and particulate matter [1, 2, 29]. 

Analysis of the particulate matter distribution (Fig. 9) 

indicates that the combustion of different carbon-free fuels 

has little effect on the shape of the particulate matter num-

ber. Regardless of the fuel type, the highest particle count 

was observed with a passive prechamber, with the distribu-

tion peaking at approximately 100 nm. This phenomenon 

can be associated with lower combustion efficiency in this 

configuration. The use of an active prechamber led to im-

proved combustion quality and reduced particulate matter 

emissions. 

In hydrogen combustion, at low air excess ratios, pre-

chamber activation reduced particulate matter by approxi-

mately 35% (Fig. 9a). 

During the combustion of lean hydrogen mixtures (λ ≈ 

2.8), the number of particles decreased from approximately 

6 × 10⁵ cm⁻³ with a diameter of 100 nm to approximately  

5 × 10⁵ cm⁻³ (Fig. 9b). Similar relationships were also ob-

served during the combustion of a hydrogen-ammonia mix-

ture (Fig. 9c and 9d). Increasing the fuel dose fed into the 

prechamber reduced the maximum number of particles. In 

addition, an increase in the excess air ratio caused a shift in 

the particle number distributions towards smaller diameters. 

Research carried out by Apicella et al. [1] on a single 

cylinder 255 cm³ hydrogen fuelled engine (λ = 1.6; n =  

= 2000 rpm) showed similar values of particulate matter  

in the order of 1.0 × 10⁶ cm⁻³ with an average diameter of 
 

a) b) c) d) 

 

Fig. 9. Analysis of the number of particulate matter during combustion of hydrogen and a mixture of hydrogen and ammonia: a)  = 2.15, hydrogen;  

 b)  = 2.79, hydrogen; c)  = 1.65, hydrogen + ammonia; d)  = 2.56, hydrogen + ammonia 
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approximately 39 nm under low engine load conditions 

(IMEP = 4.1 bar). At higher loads (IMEP = 5.5 bar; λ = 

1.5), a further reduction in the number of particulate matter 

to approximately 1.0 × 10⁴ cm⁻³ was observed, with  

a diameter of 10 nm.  

 

 Fig. 10. Analysis of the number of particulate matter 

 

Shi et al. [29], in their research on a single cylinder en-

gine with a capacity of 604 cm³ (n = 3000 rpm) with direct 

hydrogen injection (λ = 2.1), obtained a number of particles 

in the range from 1 × 10⁶ to 5 × 10⁶ cm⁻³, depending on the 

engine operating conditions of 3 and 1 MPa. These results 

differ from those obtained in the current studies mainly in the 

reported maximum diameters (7–10 nm). This may mainly 

be due to differences in engine speed.  

Figure 10 shows the values of the number of particulate 

matter obtained under engine operating conditions without 

the use of exhaust gas treatment systems. Analysis of com-

bustion with hydrogen (λ = 2.14) and H2 + NH3 mixture (λ 

= 1.91) fuel indicates slightly higher values of the number 

of particles, ranging from (2.0–2.5) × 10⁵ 1/cm³. 

At higher excess air ratio values, the number of particu-

late matter stabilized at around 2.0 × 10⁵ 1/cm³. The results 

show that, under the conditions analyzed, the type of car-

bon-free fuel has little effect on the number of particulate 

matter emitted. 

Conclusions 
The combustion of carbon-free fuels is an effective sub-

stitute for fossil fuels, especially in two-stage combustion 

systems in high excess air ratio conditions. Under the inves-

tigated operating conditions, hydrogen combustion provid-

ed the highest indicated efficiency (38% in current studies – 

Fig. 7d), while ammonia co-combustion has an efficiency 

of around 28%. These values were obtained at low engine 

loads, which indicates the significant potential of these 

fuels. 

The detailed conclusions regarding combustion are as 

follows: 

 The addition of ammonia reduces combustion pressure, 

which is due to the significantly lower energy content of 

the mixture 

 Adding 5% ammonia to hydrogen reduces IMEP by 

approximately 10%, regardless of the load 

 The addition of ammonia reduces the calorific value of 

the load, resulting in an increase in the specific fuel 

consumption of such a mixture by approximately 25% 

 A small addition of ammonia causes a sharp increase in 

the concentration of NOx in the exhaust gas: from 30 

ppm (hydrogen at various values of λ) to over 2000 ppm 

when burning a mixture containing ammonia. 

Analysis of particulate matter indicates that the largest 

source is engine oil, as changing the fuel has only a minor 

effect on their levels. Furthermore, it was found that in-

creasing the lean ratio of the fuel-air mixture (hydrogen or a 

hydrogen-ammonia mixture) has little effect on particulate 

matter levels. 

 

Nomenclature 

APC active prechamber 

gi specific fuel consumption 

IMEP indicated mean effective pressure 

MC main chamber 

NH3 ammonia 

Ni indicated power 

PC prechamber 
 

PN particle number 

PPC passive prechamber 

qo fuel dose 

SI spark ignition 

TJI turbulent jet ignition 

 lambda value 

i indicated efficiency 
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